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REPORT ON NBS DUAL M I X E R  T I M E  DIFFERENCE SYSTEM (DMTD) 
BUILT FOR T I M E - D O M A I N  MEASUREMENTS ASSOCIATED UITH PHASE I OF GPS 

David W .  A l l a n  

Based on a p rev ious  work r e p o r t e d  a t  t h e  1975 Frequency Con t ro l  Symposium, 
t h e  Na t iona l  Bureau o f  Standards was asked t o  b u i l d  a Dual M i x e r  Time 
D i f f e r e n c e  (DMTD) measuring system. Th is  r e p o r t  i n c l u d e s  t h e  design, con- 
s t r u c t i o n ,  and t e s t i n g  o f  t h i s  DMTD system i n  f u l f i l l m e n t  o f  t h i s  reques t .  
The p r e c i s i o n  o f  t i m e  d i f f e r e n c e  measurement w i t h  t h i s  system was shown t o  
be about  0.1 picosecond and t h e  accuracy about  10 ps; s i m i l a r l y ,  t h e  
f requency s t a b i l i t y  p r e c i s i o n  was shown t o  be desc r ibed  by 

3 
u ( T )  = 
h a l f  a day. 

The reques t  f o r  t h i s  DMTD system was f o r  measuring t h e  c l o c k s  t h a t  w i l l  
o on board t h e  s a t e l l i t e s  f o r  Phase I o f  t h e  Global  P o s i t i o n i n g  System 9 GPS) program. The DMTD system desc r ibed  i n  t h i s  r e p o r t  i s  t h e  o n l y  

system t h a t  can e a s i l y  meet a l l  o f  t h e  time-domain measurement r e q u i r e -  
ments f o r  t h i s  program. 

T-’ ,  0.1s < T < 10 s and equal t o  a t  T equal about  
Y 

KEY WORDS: Frequency measurement; Frequency m ix ing ;  Global  P o s i t i o n i n q  
System; I s o l a t i o n  amp1 i f i e r s ;  Low-noise a m p l i f i e r s ;  P r e c i s i o n  f requency 
measurements ; P r e c i s  i o n  t ime  measurements ; t i m e  d i f f e r e n c e  measurements; 
Time-domain f requency s t a b i l i t y ;  Time i n t e r v a l .  

Having gained a d d i t i o n a l  i n s i g h t s  f rom t h e  p r o t o t y p e  DMTD system r e p o r t e d  on a t  t h e  1975 

Frequency Con t ro l  Symposium we made a p p r o p r i a t e  changes i n  des ign ing  and b u i l d i n g  a DMTD 

system t o  f u l f i l l  a reques t  f o r  a time-domain measuring system t o  be used i n  Phase I o f  GPS. 

These inc luded :  a p a i r  o f  NBS designed i s o l a t i o n  a m p l i f i e r s  f o r  s p l i t t i n g  t h e  s i g n a l  f rom t h e  

common o s c i l l a t o r ,  t h e  s i g n a l  f rom t h e  common o s c i l l a t o r  i s  f e d  through i s o l a t i o n  t rans fo rmers  

t o  t h e  i s o l a t i o n  a m p l i f i e r s ;  an improved low-pass f i l t e r  f o l l o w i n g  each m ixe r ;  an a d d i t i o n a l  

and lower  n o i s e  s tage o f  a m p l i f i c a t i o n  f o l l o w i n g  each low-pass f i l t e r ,  b e t t e r  bandwidth con- 

t r o l  i n c l u d e d  i n  t h e  2nd s tage of a m p l i f i c a t i o n ;  a d r i v e r  t o  feed each p u l s e  i s o l a t i o n  t r a n s -  
former f o r  an improved pu lse  shape; t h e  a b i l i t y  t o  use o r  n o t  use t h e  phase s h i f t e r  i n  one l e g  

o f  t h e  system; b o t h  e l e c t r i c  and magnetic s h i e l d i n g  p r o p e r l y  d i s p l a c e d  t o  reduce c a p a c i t i v e  

coup l i ng ,  and non-ba t te ry  o p e r a t i o n  u s i n g  w e l l  i s o l a t e d ,  regu la ted ,  and decoupled DC power 

supp l i es .  

A l o c a l  subcon t rac to r  was sought and ob ta ined  t o  do t h e  l a y o u t ,  assembly, and o v e r a l l  con- 

At tached a r e  t h e  b l o c k  and c i r c u i t  diagrams of t h e  DMTD system as prepared by  t h e  sub- 

The i n p u t s  t o  t h e  mixers,  should n o t  exceed % 3 mW. The low-pass 

The i s o l a t e d  o u t p u t  pu l ses  c o r -  

s t r u c t i o n .  

c o n t r a c t o r  (No. 75008-A1 through 75008-A6). 

and 10 dB i n s e r t i o n  loss.  
f i l t e r  (LPF) has a r o l l - o f f  a t  about 10 kHz. 

and d i s c r e t e l y  v a r i a b l e  (1, 3, 10, 30, 100, 300, 1000 H z ) .  
responding w i t h  t h e  ze ro  c ross ings  o f  t h e  bea t  f requency have about  4 v o l t s  o u t p u t  i n t o  a 

h i g h  impedance w i t h  20 ns r i s e  t ime .  

peak-to-peak f o r  near  optimum s i g n a l - t o - n o i s e  performance o u t  o f  t h e  m ixe rs .  
l a t o r  i n p u t  shown i n  A-4 should n o t  exceed % 1 mW (0 .6  V peak-to-peak a t  i n p u t  o f  i s o l a t i o n  

a m p l i f i e r s  A-5); t h e  a m p l i f i e r  w i l l  d i s t o r t  a t  h i g h e r  d r i v e  l e v e l s .  

The phase s h i f t e r  i n  A-1 has % 100 Q i n p u t  impedance 

The bandwidths fh o f  t h e  a m p l i f i e r s  a r e  ganged 

On sheet 1 of A-2 t e s t  p o i n t  1 (TP-1) should read % 600 mV 
The common o s c i l -  



11. T e s t i n g  and Measurement o f  OMTD System Noise 

A 10.23 MHz q u a r t z  c r y s t a l  o s c i l l a t o r  l e n t  t o  NBS f o r  t e s t  

m i x e r  one and two t o  e s t i m a t e  t h e  system no ise .  The o s c i l l a t o r  

o b t a i n  optimum s i g n a l - t o - n o i s e  c o n d i t i o n s ,  b u t  adequate f o r  t e s  

was d r i v e n  w i t h  about  0.6 v o l t  peak-to-peak and t h e  L - p o r t  w i t h  

ng was used t o  d r i v e  b o t h  

o u t p u t  was i n s u f f i c i e n t  t o  

i ng .  

about 0.36 v o l t  peak-to-peak 

The R-po r t  o f  each m i x e r  

g i v i n g  a m i x e r  o u t p u t  o f  o n l y  170 mV peak-to-peak, i . e . ,  t h e  s i g n a l - t o - n o i s e  c o u l d  be about  

3 o r  4 t imes  b e t t e r  w i t h  h i g h e r  d r i v e  l e v e l s .  

The common o s c i l l a t o r  employed was a low-noise s y n t h e s i z e r .  One can g r a p h i c a l l y  see t h e  

e f f e c t s  o f  common o s c i l l a t o r  n o i s e  by  t u n i n g  t h e  phase o f  t h e  two bea t  s i g n a l s  t o  nea r  zero.  The 

a t t a c h e d  sheet  headed w i t h  t h e  d a t e  8 October 1975 page 1 i s  a copy o f  t h e  l a b  notes d u r i n g  t h e  

t e s t i n g .  

b e a t  f requency a t  10 Hz -- g i v i n g  a t i m e  d i f f e r e n c e  measurement eve ry  0.1s. 
t h e  degree o f  s y n c h r o n i z a t i o n  o f  t h e  phases o f  t h e  bea t  s i g n a l s ,  and i t  i s  obv ious t h a t  as t h e y  

a r e  moved f rom near  ze ro  phase d i f f e r e n c e  toward l a r g e  phase d i f f e r e n c e  t h e  phase n o i s e  i n -  

creases cons ide rab ly .  

The l e f t  column o f  da ta  a r e  a l l  t aken  w i t h  t h e  bandwidth, fh, s e t  t o  1 kHz and t h e  

The a t  i n d i c a t e s  

The r i g h t  column shows t h e  same e f f e c t  o n l y  w i t h  a 10 Hz bandwidth. 

The DMTD system n o i s e  was measured by s e t t i n g  t h e  phase d i f f e r e n c e  between t h e  bea t  s i g -  

n a l s  nea r  ze ro  t o  reduce t h e  e f f e c t s  o f  common o s c i l l a t o r  n o i s e  and then  u s i n g  a 

computing coun te r  t o  measure t h e  f r a c t i o n a l  f requency s t a b i l i t y  i n  terms o f  (I ( T )  

f o r  v a r i o u s  bandwidths and bea t  f requenc ies .  

vs T diagram.Also shown on t h i s  diagram a r e  some values t r a n s l a t e d  f rom some data taken 
i n  t h e  f requency domain. These da ta  were ob ta ined  by removing b o t h  covers t o  t h e  i n s t r u m e n t  

so t h a t  a l e a d  c o u l d  be a t tached  t o  t e s t  p o i n t  2 (TP-2 i n  drawing A-2) on m i x e r  1 and then  

l a t e r  on m i x e r  2. 

t h e  phase s h i f t e r  and a l s o  i n t o  t h e  common o s c i l l a t o r  p o r t ;  t h e  phase was s h i f t e d  t o  o b t a i n  quadra- 

Y 
These r e s u l t s  a r e  summarized i n  t h e  a t t a c h e d  (I ( T )  Y 

A s i g n a l  f rom t h e  10.23 MHz t e s t  o s c i l l a t o r  was f e d  i n t o  t h e  m ixe r  p o r t  t h rough  

t u r e  ( 0  v o l t s  o u t  o f  t h e  m i x e r ) .  The s i g n a l  f rom TP-2 was fed i n t o  a l ow-no ise  a m p l i f  
i n t o  a spectrum a n a l y z e r  t o  deduce t h e  f requency domain s t a b i l i t y  S ( f )  of t h e  phase 

r$ 
f o r  t h i s  much o f  t h e  c i r c u i t ,  which should be t h e  c r i t i c a l  n o i s e  c o n t r i b u t o r .  The r e -  
s u l t s  u s i n g  m i x e r  2 were e s s e n t i a l l y  t h e  same. Some 60 Hz sidebands were p r e s e n t  a t  a 

o f  -116 dB, b u t  these a p p a r e n t l y  d i sappear  when t h e  s h i e l d i n g  l i d s  a r e  put back, becau - -  

e r  and 

1 eve1 

e such 

a l e v e l  would g i v e  (I ( T =  1 s )  = 7 x lo-", b u t  i n s t e a d  we o b t a i n  a 1 second s t a b i l i t y  b e t t e r  

t han  1 p a r t  i n  

v a l u e  i n  o r d e r  t o  f i l t e r  i t  o u t  i f  i t  were p resen t .  At tached a l s o  i s  a sheet  headed w i t h  t h e  
d a t e  8 October 1975 page 2 which shows t h e  t i m e  d i f f e r e n c e  s t a b i l i t y  ove r  a coup le  o f  minutes 

w i t h  fh = 1 Hz and w i t h  a 1 second beat ,  wb= 1 / ~ .  
was conducted f rom a c o l d  s t a r t  o f  t h e  i ns t rumen t  t o  a s c e r t a i n  t h e  l ong - te rm t i m e  d i f f e r -  

ence s t a b i l i t y  o f  t h e  u n i t .  

n i g h t  r u n  t h e  phase s tayed w i t h i n  a peak-to-peak d e v i a t i o n  of % 10  ps w i t h  ambient temperature 

f l u c t u a t i o n s  o f  about  f 2C" .  
16 f r a c t i o n a l  f requency depar tu re  o f  about  one p a r t  i n  10 . 

Y 
and w i t h  no apparent  60 Hz p resen t  when t h e  b e a t  f requency i s  s e t  t o  t h a t  

A s l i g h t  phase d r i f t  i s  observed. A t e s t  

Dur ing  t h e  f i r s t  hour i t  d r i f t e d  ?j 50 ps and then  i n  an over-  

T h i s  would correspond t o  a wors t  case one day sample t i m e  

2 



111. Usage o f  t h e  NBS DMTD Inst rument  

At tached a r e  f o u r  sequen t ia l  photographs o f  t h e  i ns t rumen t :  1 )  F r o n t  panel ;  2 )  Top view 

w i t h  e l e c t r i c  s h i e l d  cove r  removed; 

removed; and 4 )  Close up o f  con ten ts  i n  magnetic s h i e l d  compartment. 

band ( %  1 MHz - 60 MHz) except  f o r  t h e  phase s h i f t e r  which covers t 1 MHz about  10.23 MHz. One 

may c o n v e n i e n t l y  choose whether o r  n o t  t o  use t h e  phase s h i f t e r .  

v e n i e n t  method o f  s e t t i n g  t h e  o u t p u t  t i m e  d i f f e r e n c e  t o  any d e s i r e d  p o i n t ,  and i f  t h e  com- 

mon o s c i l l a t o r  n o i s e  i s  excess i ve  one can s e t  t h e  beats  i n  phase (AT = 0), so t h a t  one ob- 

t a i n s  a r e d u c t i o n  o f  t h e  n o i s e  c o n t r i b u t i o n  coming f rom t h e  common o s c i l l a t o r .  

s h i f t e r  has t h e  d isadvantage 

3 )  Top view w i t h  e l e c t r i c  and magnetic s h i e l d  covers 
The ins t rumen t  i s  broad- 

I f  used i t  p rov ides  a con- 

The phase 

t h a t  i t  has % 10 dB i n s e r t i o n  loss. 

The m i x e r  i n p u t s  go d i r e c t l y  t o  t h e  low n o i s e  Schotcky b a r r i e r  d iode  double balanced 

m ixe rs  and o p t i m a l l y  shou ld  be d r i v e n  w i t h  about 1 t o  3 mW. CAUTION: excess ive d r i v e  l e v e l s  

(maximum c u r r e n t  40 mA o r  about  2Vrms) on t h e  m ixe rs  w i l l  bu rn  them ou t .  About 1 v o l t  peak- 

to-peak i n p u t  i s  a good o p e r a t i n g  p o i n t .  
about  0.6 v o l t s  peak-to-peak (% .3  mW) b e f o r e  t h e  i s o l a t i o n  a m p l i f i e r s ,  which feed  t h e  o t h e r  

p o r t s  o f  t h e  mixers,  s t a r t  t o  d i s t o r t .  

The common o s c i l l a t o r  p o r t  can be d r i v e n  up t o  

The measurement bandwidth fh should always be g r e a t e r  than o r  equal t o  t h e  bea t  f r e -  

I f  t h e  band- 
quency vb. 
s t a b i l i t y  t o  g e t  an i dea  o f  t h e  k i n d  o f  n o i s e  process t h a t  may be dominant. 

w i d t h  i s  s e t  t o o  smal l ,  t h e  s t a b i l i t y  determined w i l l  be t o o  good f o r  sample t imes 

1 ess than  1 /fh . 

I t  i s  sometimes convenient  t o  change t h e  bandwidth and see i t s  e f f e c t  on t h e  

The o u t p u t  pu l ses  have about  a 20 ns r i s e  t ime  and about  4 v o l t s  h e i g h t  i n t o  a h i g h  imped- 

ance. The s teepes t  s lope  and i d e a l  t r i g g e r  p o i n t  i s  a + s lope  a t  about t 1 v o l t .  The pu lses  w i l l  

work i n t o  a 50 R l o a d  w i t h  t h e  amp l i t ude  and r i s e  t i m e  degraded by about  a f a c t o r  o f  2. 

o u t p u t  pu l ses  a r e  r e s p e c t i v e l y  t i e d  t o  t h e  phases o f  o s c i l l a t o r  1 and o s c i l l a t o r  2, and t h e  t i m e  
d i f f e r e n c e  x ( i )  between t h e  ze ro  c r o s s i n g s  o f  these two o s c i l l a t o r s  f o r  t h e  ith measurement 

i s  g i ven  by 

These 

x ( i )  = ( T ~  - T ~ )  'b + 
v 2nuo 
0 

where T1 - T2 = AT i s  t h e  a c t u a l  t i m e  d i f f e r e n c e  read on a t i m e  i n t e r v a l  coun te r  w i t h  T1 

connected t o  t h e  s t a r t  j a c k  and T2 t o  t h e  s t o p  j a c k ,  where 4 i s  t h e  t o t a l  phase d i f f e r e n c e  

between t h e  two ha lves  o f  t h e  dual  m ixe r  t ime  d i f f e r e n c e  system--most o f  which w i l l  be t h a t  
due t o  t h e  phase s h i f t e r ,  and where vband uo a r e  t h e  nominal bea t  f requenc ies  and c a r r i e r  

f requenc ies  r e s p e c t i v e l y .  As an example suppose t h a t  AT = 25.3~1s f o r  t h e  ith measurement 
and ub = 10 Hz and uo = 10 MHz, then t h e  t i m e  d i f f e r e n c e  o f  osc 1 - osc 2 = 25.3 ps 

+ 

l a t e r ,  t hen  t h e  average f r a c t i o n a l  frequency d i f f e r e n c e  ove r  t h a t  i n t e r v a l  i s  g i ven  by: 

. Suppose, f o r  t h e  ( i + l ) t h  measurement, we ge t  25.6 ps + %, which i s  100 ms 2nuo 

3 



x ( i + l )  - x ( i )  
T y ( i )  = 

o r  

The s t a b i l i t y  may be computed f rom t h e  f requency o r  t h e  t i m e  da ta  as f o l l o w s :  
M- 1 

M-1 
1 U '( T) 

Y 2(H-1) T' 
i = l  

where t h e r e  a r e  M+l  t i m e  read ings  i n  a sequence. 

compute u (T) d i r e c t  f rom t h e  AT readings o f  a t ime  i n t e r v a l  coun te r  then:  
I f  one wishes t o  t a k e  t h e  square r o o t  and 

Y 

M- 1 

[AT ( i + 2 )  - 2 A T ( i + l )  + aT( i ) ] '  
1 
i = l  

( 3 )  

(4) 

1/2 

( 5 )  

where T ( t h e  i n t e r v a l  between t i m e  d i f f e r e n c e  measurements) can be any i n t e g e r  m u l t i p l e  o f  

l /ub; i .e . ,  one does n o t  have t o  measure a t  eve ry  c y c l e  o f  t h e  beat  f requency.  Equat ion 5 
can be approx ima te l y  summarized f o r  t h e  measurement n o i s e  o f  t h e  DMTD system as: 

w i t h  o n l y  a s l i g h t  deg rada t ion  f o r  l o n g e r  t imes  due t o  apparent  temperature induced phase 

d r i f t s  and f o r  s h o r t e r  t imes  due t o  w h i t e  n o i s e  as t h e  bandwidth fh i s  opened up. 

I V .  Maintenance 

The u n i t  should be f r e e  o f  need f o r  any maintenance procedure. The OP-05 o p e r a t i o n a l  
a m p l i f i e r s  were DC balanced d u r i n g  t h e  NBS t e s t i n g  phase, and t h e i r  s p e c i f i c a t i o n s  o f  
3 . 5 ~ "  p e r  month should be l ow  enough t o  g i v e  no d i f f i c u l t y  i n  t h e  fo reseeab le  f u t u r e  un less  

t h e  u l t i m a t e  f i n e s s e  i s  wanted f rom t h i s  DPITD ins t rumen t .  These o p e r a t i o n a l  a m p l i f i e r s  a r e  
zeroed by s i m p l y  grounding t h e  i n p u t  t e s t  p o i n t ,  and w h i l e  m o n i t o r i n g  t h e  o u t p u t  t e s t  p o i n t  

o f  t h a t  o p e r a t i o n a l  a m p l i f i e r  a d j u s t i n g  t h e  t r i m  p o t  assoc ia ted  w i t h  i t  f o r  zero v o l t s  DC 
o u t p u t .  

4 
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8 October 75 

DMTD tes t  of system noise as a function o f  common o s c i l l a t o r  re ject ion 
10.23 feed t h r o u g h  $-sh i f te r  t o  mixer 1 
and s p l i t  before $-sh i f te r  t o  mixer 2 
Same levels  as yesterday. 
.'. T = 0.1s and plot ted the phase f o r  various 
or A t  readings on counter. 
Sens i t iv i ty  1 ps per cm 

Set the beat vb = 10 Hz 
s h i f t s  

Chart speed = 10 cm/min 

/ 4 m s  

a 

12 



8 October  75 

Same o s c i l l a t o r  d r i v e  l e v e l s  and c o n d i t i o n  as b e f o r e .  
reduce common o s c i l l a t o r  n o i s e  c o n t r i b u t i o n  t o  t e s t  measurement system 
n o i s e  and  phase d r i f t .  

A t  % few US t o  

t 

+ l  p s +  

T = 1s 

fh =1 Hz 

2.5 cm/min 

Warm up phase d r i f t  was about  50 ps o v e r  t h e  f i r s t  hour ;  b u t  s t a b i l i z i n g  
t o  a peak of  about  10 ps t h e r e a f t e r  i n  an o v e r n i g h t  r u n  w i t h  f 2" C 
ambient  tempera ture  f l u c t u a t i o n s .  
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